Abstract: An improved metamaterial antenna, with a compact size of 27.8 × 31.9 × 0.794 mm 3 , fed by an offsetmicrostrip line, is proposed. The total size is slightly reduced and the measured impedance bandwidth is 4.08 − 7.83
Introduction
With the ever-increasing need for mobile communication and the emergence of many systems, it is important to design broadband antennas to cover a wide frequency range. The design of an efficient wideband small-size antenna, for recent specific applications, is a major challenge. It is a well-known fact that printed microstrip antennas present appealing physical features, such as a simple structure, small size, and low cost. A narrow bandwidth is, however, the main drawback of the microstrip patch antenna, with typically about 5% bandwidth with respect to the center frequency [1] . Some techniques have been developed for bandwidth enhancement. These techniques are mainly increasing the thickness of the substrate, using different shaped slots or radiating patches [2] , stacking different radiating elements of the loading of the antenna laterally or vertically [3−5] , utilizing magneto dielectric substrates [6] , and engineering the ground plane as electromagnetic band gap metamaterials [7, 8] .
The bandwidth and the size of an antenna, however, are generally mutually conflicting properties. In other words, sometimes, current antenna designs can meet those needs, while other times they cannot. Often, the needs are difficult or physically impossible to achieve. For example, some designs of the antennas can meet impedance bandwidth needs, but the gains or sizes are not good [9, 10] . Nonetheless, antenna design techniques keep evolving to meet the application requirements. Recently, new types of invented structures or composite materials that mimic media with unnatural environmental management properties were introduced in the microwave and optics fields. These new types of materials are known as metamaterials. With the flexibility and new properties provided by metamaterials, new types of antennas have been conceived [11] , while making their designs more straightforward.
In this paper, an improved metamaterial antenna with a more compact size and wider bandwidth is * Correspondence: xiong1226han@126.com proposed. The configuration of the initial antenna, with dimensions of 28 × 32 × 0.794 mm 3 , was given in [12] . The bandwidth of that antenna was from 5.3 to 8.5 GHz for | S 11 | < −10 dB and the resonant frequency was at 7.5 GHz. In this work, 3 improvements are made. The improved antenna, with an enhanced bandwidth from 4.08 to 7.83 GHz (|S 11 | < −10 dB), is 27.8 × 31.9 × 0.794 mm 3 and has 2 resonant frequencies at 4.5 and 7 GHz, respectively. Good return loss, radiation pattern, and gain characteristics are obtained in the frequency band of interest.
Antenna design
The geometry of the proposed compact metamaterial antenna is illustrated in Figure 1 ; it is printed on a F4BM-2 substrate with a thickness of 0.794 mm and permittivity of 2.2. The width of the microstrip feed line is fixed at 2.3 mm to achieve a 50-Ω characteristic impedance. The area of the upper patch mounted is 12 × 16 mm 2 .
On the upper layer, 4 isosceles triangles, surrounded by a square frame, are connected at their apex, and from the connected portion, 4 narrow metal strips are radially connected to the outer frame in the unit cell. The top view is shown in Figure 1a . On the ground plane, there are square metal patches with periodic gaps. The bottom and side views are shown in Figures 1b and 1c . The upper isosceles triangles overlap the metal patch forming a metal-insulator-metal capacitor, which provides a large series capacitance between the adjacent unit cells. The 4 radial strips bridge the series capacitor and the outer frame, which work as shunt inductances. When the series capacitance and the shunt inductance are large enough, the structure is expected to work as a left-handed structure. The left-handed characteristics of these patterns were already demonstrated in [13, 14] , and thus will not be further discussed here. The proposed antenna is investigated by changing one parameter at a time, while fixing the others. To fully understand the behavior of the antenna's structure and to determine the optimum parameters, the antenna is analyzed using the Ansoft simulation software high-frequency structure simulator. The optimum magnitudes of the physical parameters of the proposed antenna are shown in Table, which achieve a wide impedance bandwidth from 4.08 to 7.83 GHz with |S 11 | < −10 dB. 
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Results and discussion
After the optimization of the antenna's different parameters, the antenna is simulated, fabricated, and measured, obtaining good results from the radiation pattern and bandwidth. Figure 2 shows the photographs of the fabricated antenna. Figure 3 shows the computed S 11 values for the metamaterial antenna and conventional patch antenna of the same size. As shown, the conventional patch antenna has a relatively narrow bandwidth (between 7.7 and 7.9 GHz), while the proposed antenna has a -10 dB bandwidth within 4.08 and 7.63 GHz, which is 3.54 GHz in bandwidth, and is 17.7 times wider than the conventional antenna. At the same time, the proposed antenna has 2 resonant frequencies at 4.5 and 7 GHz, respectively, which are lower than the resonant frequency of 7.5 GHz of the original antenna [12] . Figure 4 shows the measured and computed S 11 values for the metamaterial antenna. From the -10 dB level line, it is seen that a reasonably good agreement between the design working bandwidth and the measured bandwidth is found. In fact, the fabricated antennas have even wider bandwidths than the modeled antennas do. To understand the behavior of the antenna better, the simulated current distributions for the proposed antenna at 5.5 and 7.1 GHz are shown in Figures 5a and 5b , respectively.
Figures 6a −6d show the measured far-field radiation patterns of the copolarization (solid line) and crosspolarization (dashed line) at 5.5 and 7.1 GHz in the x−y plane and y −z plane. It can be seen that the radiated energy is mainly focused around the 255
• direction in the x − y plane and in the case of the cross-polarization, the radiation level is well suppressed in the x − y plane. It is noted that the antenna has a large cross-polarized power level in the y − z plane due to the asymmetrical feeding structure. Hence, we may make use of this special characteristic to transmit 2 quadrature signals, using the antenna as a directional one for beam control.
Antenna gains are simulated within the frequency band of 2− 9 GHz as shown in Figure 7 . The antenna gain is generally above 2 dB with the peak at about 6 dB at 6.8 GHz. 
Conclusions
In this paper, a compact and wideband microstrip antenna with metamaterials is presented. Compared with the original patch antenna, the proposed antenna has a smaller size, wider bandwidth, and lower resonant frequencies. Moreover, the antenna has strong radiation in the horizontal direction for some specific applications within the entire band.
